Severe intraventricular hemorrhage (IVH) remains a major cause of mortality and long-term neurologic morbidities in premature infants, despite recent advances in neonatal intensive care medicine. Several preclinical studies have demonstrated the beneficial effects of mesenchymal stem cell (MSC) transplantation in attenuating brain injuries resulting from severe IVH. Because there currently exists no effective intervention for severe IVH, the therapeutic potential of MSC transplantation in this intractable and devastating disease is creating excitement in this field. This review summarizes recent progress in stem cell research for treating neonatal brain injury due to severe IVH, with a particular focus on preclinical data concerning important issues, such as mechanism of protective action and determining optimal source, route, timing, and dose of MSC transplantation, and on the translation of these preclinical study results to a clinical trial.
INTRODUCTION
Intraventricular hemorrhage (IVH), a condition in which a germinal matrix hemorrhage ruptures through the ependyma into the lateral ventricle, is a common and serious disorder in premature infants 1, 2 . As the risk and severity of IVH correlate with the extent of immaturity 3, 4 , the actual number of preterm infants at high risk of developing severe IVH is increasing with the recent improved survival of very preterm infants through advances in perinatal medicine 4 . Premature infants with severe IVH (grade ³3) have been associated with high mortality 5 , high risk of developing posthemorrhagic hydrocephalus (PHH), and long-term neurologic morbidities, such as seizures, cerebral palsy, mental retardation, and developmental and learning disabilities in survivors [6] [7] [8] [9] . Although the pathogenesis of brain injury and PHH after severe IVH has not yet been clearly elucidated, it might result from inflammatory responses caused by blood contact and blood products in the subarachnoid space 10, 11 . Hence, IVH and its resultant neurologic sequelae remain a major global health problem. However, no effective treatment is currently available to prevent PHH or attenuate brain damage after severe IVH in preterm infants. Therefore, the development of a new therapeutic modality to improve the prognosis of this intractable disease is urgently needed.
Previously, stem cells have been expected to have substantial potential for neuroprotection in various brain injuries in neonatal animals 12 as well as intracranial hemorrhage in adult rats 13 . Recently, we have shown that exogenous administration of mesenchymal stem cells (MSCs) significantly attenuates brain damage and PHH after severe IVH in immunocompetent newborn rats [14] [15] [16] . These findings suggest that MSC transplantation might be a novel and promising therapeutic modality for the treatment of severe IVH in premature infants. In this review, we summarize the recent progress in MSC transplantation research for the treatment of severe IVH. In particular, we focused on preclinical data regarding important issues, such as optimal route of administration, timing, dose, safety profile, and short-and long-term outcomes of MSC transplantation, for clinical translation. Furthermore, the protocols used in our recently conducted phase I clinical trial of MSC transplantation in premature infants with severe IVH (NCT 02274428) are discussed.
PATHOGENESIS OF SEVERE IVH AND THE ENSUING BRAIN DAMAGE
The pathogenesis of IVH is known to be complex and multifactorial (Fig. 1) . It is primarily ascribed to an inherent fragility of the germinal matrix vasculature, disturbance in the cerebral blood flow, and platelet and coagulation disorders [17] [18] [19] [20] [21] . Immaturity of the blood-brain barrier (BBB), including paucity of pericytes, renders the germinal matrix vasculature fragile and thus contributes to the initiation of bleeding into the germinal matrix 18, 19 . Multiple clinical risk factors, including vaginal delivery, low Apgar score, severe respiratory distress syndrome, pneumothorax, hypoxia, hypercapnia, seizures, and infection, may induce IVH primarily by disturbing the cerebral blood flow, and thrombocytopenia may contribute to IVH by causing hemostatic failure 20, 21 . After bleeding from the germinal matrix into the cerebral ventricles, subsequent hemolysis of the extravasated blood in the intraventricular space elevates the concentration of extracellular hemoglobin, and the cell-free hemoglobin initiates inflammatory responses, chemotaxis, and Figure 1 . Pathogenesis of intraventricular hemorrhage (IVH) and posthemorrhagic hydrocephalus (PHH); protection mechanism of mesenchymal stem cells (MSCs) transplantation on the development of PHH after severe IVH. IVH with or without venous infarction, defined as spontaneous bleeding from fragile germinal matrix (GM) into the ventricle, occurs in extremely premature infants that are usually exposed to various risks or hypoxic-ischemic (HI) injury. Cell-free hemoglobin (Hb) or free iron generated from extravasated blood in intraventricular space initiates inflammatory responses, chemotaxis, and apoptosis, which cause dysfunction of arachnoid granulations and reduction of cerebrospinal fluid (CSF) resorption with retention of the CSF causing PHH after severe IVH. During the development of severe IVH and PHH, white matter injury and cortical neuronal dysfunction are inevitably accompanied. Transplanted MSCs after severe IVH exert anti-inflammatory, antiapoptotic, and antioxidative action through paracrine function, which counteract the progression of vicious cascade for injury and thus decrease the risk of development of PHH and subsequent white matter injury and neuronal dysfunction. MSC-derived extracellular (EC) vesicles are known to be the potential key mediators of MSC therapeutic action. Brain-derived neurotrophic factor (BDNF) secreted by transplanted MSCs is one of the critical paracrine factors mediating this neuroprotection against severe IVH. apoptosis 22, 23 . The ensuing heme degradation also increases the concentrations of bilirubin, carbon monoxide, and free iron in the cerebrospinal fluid (CSF) 24 . Inflammatory responses in the microvascular barrier, activated by the extravasated blood in the CSF, could result in the dysfunction of arachnoid granulations, reducing the resorption of CSF. This imbalance in CSF production and resorption might result in the retention of the CSF and the progress of PHH after severe IVH. Taken together, the mechanism of brain damage in premature infants with severe IVH might be multifactorial and complex, including ironinduced free radical damage, inflammatory responses induced by proinflammatory cytokines, increased intracranial pressure, and the resultant decrease in cerebral perfusion pressure owing to PHH 25, 26 .
ANIMAL MODELS OF SEVERE IVH AND THE ENSUING PHH
Developing an appropriate animal model that can simulate the clinical course of severe IVH in preterm infants is essential for understanding its pathophysiology and for testing the efficacy of potential new therapeutic modalities. Several animal species, including rodents, rabbits, sheep, pigs, dogs, cats, and primates, have been used as IVH models 17, [27] [28] [29] [30] [31] [32] . However, as each animal model has its own advantages and disadvantages, it is very difficult to develop a single animal model suitable for studying all the aspects of brain injury after severe IVH in premature infants. Intraperitoneal injection of glycerol into preterm rabbits delivered after 29 days of gestation (fullterm 32 days) precipitated germinal matrix hemorrhage 29 . However, the usefulness of this IVH animal model is limited, as only 39% of these rabbit models developed clinically relevant grade ³3 IVH that was severe enough to induce PHH in preterm infants 29 . Rodent models of IVH are relatively easy to use and maintain, are inexpensive to reproduce, and their neurobehavioral development and histopathology are already well described [33] [34] [35] . Germinal matrix hemorrhage was induced in newborn rats at postnatal day 7 (P7) with stereotactic injection of collagenase into the ganglionic eminence to reproduce the acute brain injury, gliosis, hydrocephalus, and periventricular leukomalacia observed in humans, but no PHH was observed in this animal model 32, 34 . Another potential limitation of this model is that the germinal matrix has already regressed in the rat brain at P7
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. In another rat model, IVH was induced by bilaterally administering 80 µl of blood into the cerebral ventricle 28 or into the periventricular region 30 . However, only 15%-65% of these models developed significant PHH 27, 28, 30 . We recently reported a newborn rat model of severe IVH by injecting 200 µl of dam's blood into its cerebral ventricles using a stereotaxic frame with a Hamilton syringe at P4 14, 17 , which is comparable to the developmental state of the brain of a ~27-week-old preterm infant 37 . With this method, 100% of the rats developed severe IVH at day 1, and about 85% of these pups subsequently progressed to PHH after 4 weeks of modeling. Besides the impaired sensorimotor function, augmented cell death, gliosis, inflammatory responses, and impaired myelination were also observed in this model. Overall, these findings suggest that this newborn rat pup animal model of IVH is suitable not only for the study of pathophysiological aspects of severe IVH, that is, how the extravasated blood activates inflammation in the subarachnoid space, leading to PHH and subsequent brain injury, but also for testing the therapeutic efficacy of potential new strategies, such as stem cell therapy.
MSC CHARACTERIZATION
Stem cell therapy has shown promising results in various brain injury or disease models 38, 39 . MSCs have become a focus of research, as they are easily obtainable and do not have ethical and safety concerns, including the tumorigenic potential of embryonic stem cells (ESCs). MSCs have several unusual characteristics, including their fibroblast-like morphology; adherence to plastic; positive expression of CD73, CD90, and CD105; negative expression of CD45, CD34, CD14, CD11b, and HLA DR; and the capacity to differentiate into different cell types, such as adipocytes, chondrocytes, and osteoblasts 40 . MSCs are immune privileged because of their lack of major histocompatibility complex II antigen expression and their ability to inhibit proliferation and function of immune cells, such as dendritic cells, natural killer cells, and T and B lymphocytes 41, 42 . These features allow for easier allogenic therapy with MSCs 43 . MSCs have been detected and isolated from various adult tissues, including bone marrow (BM) and adipose tissue (AT), as well as from gestational tissues, such as placenta, amniotic fluid, Wharton's jelly, and umbilical cord blood (UCB). Although BM is the best characterized source of MSCs, its use is limited owing to its highly invasive acquisition process and low numbers of obtainable MSCs 44 . AT might be a potential alternative source of MSCs owing to its less-invasive harvesting procedure and larger quantities of obtainable MSCs, compared to that from BM. However, the therapeutic efficacy of AT-derived MSCs (ADSCs) in protecting against neonatal severe IVH has not yet been tested. Gestational tissues are medical waste and are usually discarded at birth. Therefore, MSCs obtained from gestational tissues are particularly attractive owing to their easy obtainability and lack of significant ethical concerns. Furthermore, older donor age has been shown to have a negative impact on the expansion and differentiation potential of MSCs, even when they originate from the same adult tissues of origin, such as AT 45, 46 
THERAPEUTIC POTENTIAL OF MSC TRANSPLANTATION IN SEVERE IVH
As the pathophysiological mechanisms of brain injury and progression to PHH after severe IVH are complex and multifactorial, modulating only one factor might not be sufficient 54 . Thus, a multifaceted therapeutic agent would be necessary to improve the outcome of severe IVH. In our previous study, after induction of severe IVH at P4, intraventricular transplantation of MSCs (1 ´ 10 5 cells), but not fibroblasts, at P6 significantly attenuated the severe IVH-induced progress of PHH; augmented cell death, astrogliosis, and inflammatory responses; reduced corpus callosum thickness; impaired myelination; and impaired sensorimotor function 14, 17 . We have also observed the beneficial effects of MSC transplantation, such as antiapoptotic, anti-inflammatory, antifibrotic, and antioxidative paracrine and regenerative effects, in various animal disease models 14, [55] [56] [57] [58] [59] . Collectively, considering their multiple therapeutic efficacies, MSCs, rather than other single therapeutic agents, might be the most suitable and promising candidates for therapies aimed at improving the prognosis of severe IVH in premature infants.
PROTECTIVE MECHANISMS OF MSC TRANSPLANTATION IN SEVERE IVH
Owing to their multilineage differentiation potential, the protective mechanisms of MSC transplantation were initially ascribed to the transdifferentiation of the transplanted MSCs into neuronal cells 60 , thus reconstituting damaged brain parenchymal cells. However, very low rates of in vivo engraftment and differentiation of transplanted MSCs 14, 55, 61 suggest that MSC survival might not be essential for their beneficial effects 62, 63 . Thus, the therapeutic effects of MSCs might not be associated with their differentiation and direct replenishment of the damaged brain tissue.
Recent evidence suggests that the protective mechanisms of MSC transplantation may be mainly related to their ability to stimulate survival and recovery of damaged tissue as well as their anti-inflammatory and antiapoptotic paracrine effects through secretion of soluble factors, chemokines, and extracellular vesicles [62] [63] [64] [65] [66] (Fig. 1) . As MSC-derived extracellular vesicles are known to be the potential key mediators of MSC therapeutic action 65, 67 , a cell-free preparation comprising MSC-derived extracellular vesicles could substitute MSCs for the treatment of preterm infants with severe IVH, thereby circumventing the putative side effects, such as tumor formation, associated with live stem cell treatments.
Several paracrine factors secreted by MSCs, such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), vascular endothelial growth factor (VEGF), insulin-like growth factor (IGF), and interleukins, have been known to enhance brain repair after hypoxiaischemia 68, 69 . However, the specific key paracrine factors secreted by transplanted MSCs that primarily mediate the protective paracrine anti-inflammatory, antioxidative, and antiapoptotic activities in severe IVH have not yet been elucidated. Combined DNA and antibody microarray analyses enable us to simultaneously investigate the transcriptional and translational responses of MSCs following severe IVH, without any prior knowledge of their neuroprotective mechanisms. Recently, we observed significant upregulation of BDNF in both DNA and antibody microarray analyses 16 . Furthermore, knockdown of BDNF secreted by MSCs, by transfection with small interfering RNAs specific for human BDNF, abolished the neuroprotective effects of MSCs, such as significant attenuation of PHH, impaired behavioral test, increased apoptosis, inflammation, and astrogliosis, and reduced myelination, in newborn rats with severe IVH. These findings suggest that BDNF secreted by transplanted MSCs is a critical paracrine factor, playing a seminal role in attenuating severe IVH-induced brain injuries in newborn rats. Moreover, when MSCs from the same source, that is, from human UCB, were administered, VEGF secreted by transplanted MSCs played a critical role in attenuating hyperoxic lung injuries in neonatal rats 57 . Additionally, b-defensin 2 secreted by the MSCs, via the toll-like receptor 4 (TLR4) signaling pathway, played a pivotal role in attenuating the acute lung injuries from Escherichia coli-induced pneumonia, through both its antibacterial and anti-inflammatory effects 70 . Overall, variability in the paracrine factors secreted by MSCs from the same source, playing a critical role in mediating their therapeutic effects in different preclinical disease models 16, 57, 71 , suggests that there is a crosstalk between the host tissue and the transplanted MSCs 64,72 . Therefore, unlike drug treatment, which involves delivering a single agent at a specific dose, transplanted MSCs secrete various paracrine factors at variable concentrations in response to local microenvironmental cues 73 .
OPTIMAL ROUTE FOR MSC TRANSPLANTATION
Determining the optimal route for MSC transplantation is a critical issue that needs to be addressed for its successful clinical translation in premature infants with severe IVH. MSCs have been transplanted via local intraventricular 14, 59 , intrathecal 74 , intranasal 75, 76 , systemic intraperitoneal 56 , and intravenous 15 routes. The most convenient and minimally invasive systemic intravenous and intraperitoneal approaches show distinctive therapeutic advantages over the more invasive local intraventricular and intrathecal approaches, especially in very unstable preterm newborn infants who cannot tolerate invasive local injection. However, although systemically transplanted MSCs can cross the BBB in the injured brain 15, 77 , they can also be retained in other organs, such as the lungs, liver, spleen, and kidneys 78 . Although intranasal delivery of MSCs is minimally invasive, it would be practically impossible for clinical translation because of its lower therapeutic efficacy, requiring more than a fivefold increase in dose volume than that required for intraventricular transplantation 75, 76 . In our recent study, although the doses of MSCs that were transplanted by the systemic intravenous route (5 ´ 10 5 cells) were fivefold higher than those transplanted by the local intraventricular route (1 ´ 10 5 cells), more MSCs localized to the brain with intraventricular administration than with intravenous administration 15 . However, both methods were equally effective in preventing PHH, attenuating impaired rotarod test, increasing terminal deoxynucleotidyl transferase dUTP nick-end labeling-positive cells, inflammatory cytokines, and astrogliosis, and reducing corpus callosum thickness and myelin basic protein (MBP) expression after severe IVH. Furthermore, as the anterior fontanel is open in newborn infants, local transplantation of MSCs is feasible in a clinical setting via a bedside ventricular tap, without any further invasive operation, in premature infants with severe IVH. Collectively, these findings suggest that local intraventricular or intrathecal, rather than systemic intravenous or intraperitoneal, transplantation of MSCs might be the more therapeutically effective delivery route for the treatment of preterm infants with severe IVH.
OPTIMAL TIMING OF MSC TRANSPLANTATION IN SEVERE IVH
Determining the optimal timing of MSC transplantation is another major issue that remains to be clarified for its future clinical translation. The therapeutic time window of MSCs for brain injury has been quite variable, ranging from the first few hours to 10 days after the insult 14, 59, 76, 79, 80 . This wide variation in the therapeutic time window might be attributable to differences in animal models and severity of the hypoxic and/or ischemic insult. As the neuroprotective effects of MSCs may be mediated primarily by their paracrine anti-inflammatory and antiapoptotic properties 49, [81] [82] [83] , MSCs must be transplanted at the very early phase after ischemic brain injury to induce neuroprotection 82 . In our recent study conducted to optimize the timing of MSC transplantation in severe IVH, we first performed time course experiments for inflammatory responses, showing a plateau peak up to 2 days after and a dramatic decline until 7 days after induction of severe IVH in newborn rats 84 . Early intraventricular transplantation of MSCs at 2 days, but not at 7 days, after induction of severe IVH significantly attenuated PHH development, impaired behavioral function tests, increased apoptosis, astrogliosis, and inflammatory responses, and reduced corpus callosum thickness and brain myelination. Our data on the protective effects of early MSC transplantation at the peak phase of inflammation, but not at the stabilization phase, after IVH induction suggest that low levels of inflammatory cytokines in the host tissue during the late stabilization phase of inflammation are insufficient to elicit the anti-inflammatory effects of MSCs. This phenomenon was also observed in other disease models, including mouse graft-versus-host disease (GVHD) models and experimental autoimmune encephalomyelitis (EAE) models 85, 86 . Taken together, these findings suggest that the therapeutic efficacy of MSCs could be enhanced or limited by a damaged host tissue microenvironment 87 . Therefore, the therapeutic time window for MSC transplantation might be narrow, and thus administration closer to the time of severe IVH might provide better therapeutic outcomes.
OPTIMAL DOSE OF MSCs FOR TRANSPLANTATION IN SEVERE IVH
Determining the optimal dose of MSCs for transplantation is another key issue to be resolved for its future successful clinical translation in premature infants with severe IVH. Intraventricular transplantation of 1 ´ 10 5 cells significantly attenuated neonatal stroke 88 and severe hypoxicischemic brain injury 89 in newborn rats. Donega et al. 76 demonstrated that intranasal transplantation of MSCs dosedependently attenuated hypoxic-ischemic brain injury in newborn mice, showing best motor cog nitive and histologic outcomes at a dose of 1 ´ 10 6 cells, with 5 ´ 10 5 cells as the threshold effective dose. Recently, we observed that the therapeutically effective dose of MSCs for transplantation can be reduced from 5 ´ 10 5 to 1 ´ 10 5 cells by choosing local intraventricular administration over systemic intravenous administration to protect against severe IVHinduced brain injuries in newborn rats 15 . We also observed that local intratracheal transplantation of 5 ´ 10 5 MSCs was therapeutically more effective, compared to systemic intraperitoneal 56 or intra venous 71 administration of 2 ´ 10 6 cells, in attenuating hyperoxic lung injuries in newborn rats. Overall, these findings suggest that injury site and route of MSC administration are major determinants of optimal doses. In the light of these findings, further studies to determine the optimal dose of MSCs for transplantation, for maximal clinical benefit to preterm infants with severe IVH, are anticipated.
SHORT-AND LONG-TERM SAFETY OF MSC TRANSPLANTATION
As safety comes first, for MSC transplantation, a longitudinal study of not only its therapeutic efficacy but also both short-and long-term safety in animal models is essential for its successful clinical translation. Both short-and long-term research is feasible using a rodent model in a short time frame, owing to its short life span. While the improvements in histologic, sensorimotor, and cognitive functions, impaired by hypoxic-ischemic brain injuries, after intranasal transplantation of MSCs in newborn mice persisted up to 14 months, no abnormalities, including neoplasia, were observed in the nasal turbinates, brain, or other organs 90 . Similarly, the protective and beneficial effects of intratracheal transplantation of MSCs were sustained without any long-term adverse effects in rats up to 70 days 55 and 6 months of age 91 , comparable to human adolescence and mid-adulthood, respectively. Furthermore, in our previous phase I clinical trial, intratracheal transplantation of MSCs was safe and feasible, and no adverse outcomes, including tumorigenicity, were observed during follow-up of the infants up to 2 years of corrected age in more than 350 clinical studies of MSC transplantation conducted worldwide 92 . The transplanted MSCs did not engraft, and the number of donor cells decreased drastically 72 h after intranasal administration 93 , less than 1% was detected at 18 days after intracranial delivery 94 , and virtually no donor cells were detected at 70 days after intratracheal administration 55 . Thus, absence of long-term adverse effects, including tumorigenicity, following MSC transplantation may be attributable to the fact that they exert their therapeutic function by a "hit-and-run" mechanism 95 . The long-lasting protective effects of MSC transplantation, in spite of their short half-life, suggest that neuroprotection during the early critical time period of neonatal brain injury is essential for their persistent long-term neuroprotection. Collectively, the data indicating sustained protective effects of MSC transplantation, without any long-term adverse effects, warrant the translation of MSC transplantation to clinical trials for treatment of severe IVH in premature infants.
PHASE I CLINICAL TRIAL FOR SEVERE IVH
On the basis of the promising evidence demonstrating neuroprotective effects of MSC transplantation in newborn rat models of severe IVH, a phase I dose-escalating clinical study on the safety and feasibility of human UCBderived MSC transplantation in preterm infants with severe IVH has been designed and conducted (NCT02274428). This study was an open-label, single-center clinical trial to assess safety and feasibility of a single intraventricular transplantation of allogenic human UCB-derived MSCs within 7 days of detection of severe (grade ³3) IVH in preterm infants. The first three infants were given a low dose (5 ´ 10 6 cells/kg in 1 ml/kg saline), and after confirming the absence of dose-limiting toxicity or serious adverse events associated with transplantation, the next six infants were given a higher dose (1 ´ 10 7 cells/kg in 2 ml/kg saline) under ultrasound guidance. The primary outcome measures were unsuspected death or anaphylactic shock within 6 h of MSC transplantation, and the secondary outcome measures were death or hydrocephalus, requiring shunt surgery, observed up to 1 year of age. We are planning to conduct long-term follow-up studies of these enrolled infants. The results from these currently conducted clinical trials can guide the way for future clinical introduction of MSC transplantation as a treatment for severe IVH in premature infants.
CONCLUSION
Exciting progress in different avenues of translational research has supported the hypothesis that MSC transplantation is greatly beneficial for protecting against brain injuries due to severe IVH. Clinical trials are harnessing the therapeutic potential of MSC transplantation for neuroprotection of premature infants with severe IVH. Although it is not a "magic cure" yet, this progress has brought MSC transplantation for severe IVH one step closer to its clinical translation. However, a better understanding of the neuroprotective mechanisms and resolution of critical issues, such as determining optimal source, timing, route, and dose, are required to permit future, safe clinical translation of MSC transplantation in premature infants with severe IVH.
